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Abstract
It is a prerequisite for the increasing use of biomass energy that its introduction and acceptance be increased.  The 
technologies for biomass use face the challenge of overcoming the following issues: (1) Stable supply of gasification 
material; (2) Heat supply for biomass gasification; (3) Auxiliary facilities for post-gasification tar removal, gas 
composition adjustment, and desulfurization; (4) Use of various biomass; 
We proposed Ca looping three-tower biomass/coal co-gasification process. CaO circulates as the heat transfer material, catalyst
and a CO2/H2S sorbent.  Biomass and supplemental fuel coal are supplied to the gasification tower and generate volatile matter and 
char through the pyrolysis and gasification, as well as a part of CO2 in volatile matter are absorbed by CaO to form CaCO3 and 
release heat for the pyrolysis and gaisification.  The volatile matter is then introduced to the reforming tower for the catalytic 
reforming of hydrocarbon (CH4, Tar et al.) by contact with the CaO particles. The char and CaCO3 are introduced to the combustion 
tower.  The char is burnt using air to heat the CaO particle and CaCO3 for decomposition to CaO.  The heated CaO particles return 
to the reforming tower and the gasification tower through a cyclone. The CaO particle heated in the combustion tower provides 
heat to the catalytic reforming of hydrocarbon as CH4, tar et al. in reforming tower.  
The catalytic action of CaO for hydrocarbon reforming was investigated by using a two stage fluidized bed reactor which upper 
stage is reforming reactor, and lower stage is gasification reactor.  Biomass/coal were fed in to gasification reactor, and volatile 
matter produced by biomass/coal gasification was raised in to reforming reactor. It also shows that, with CaO catalysis in the 
reforming reactor, no tar remained in the cooling zone and condenser from biomass gasification 2.5hr.  However without CaO 
addition, tar generated terribly after biomass supply only 3 minutes. Liquid products from reforming reactor for biomass and coal 
gasification were collected by using ice water and liquid nitrogen baths.  Total carbon (TOC) contained in the liquid product was 
analyzed.  Tar contained in product gas from biomass and coal gasification were estimated by the amount of total carbon.  The 
results shown that, only 5.7 mg/m3 and 2.5 mg/m3 tar contained in products gas for biomass and coal gasification, respectively.
In this study, we also built a small hot 3-T CFB facility, to investigate the particle circulating and fluidization.  And, the effect 
of CaO catalysis on steam reforming of hydrocarbons as methane, tar produced by biomass or coal gasification also be investigated.
First we tested silica sand and CaO particle circulating in the three-tower CFB.   Results shown that, three-tower type CFB can
make stability particle circulating not only under room temperature and also circulated well under high temperature 800Υ.  Control 
the differential pressure (ᇞP)  between exits of cyclone and reformer is much important for the stability of circulating of 3-T CFB. 
Particle circulating velocity, Gs was obtained about 100-200.   
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1. Introduction  
It is a prerequisite for the increasing use of biomass energy that its introduction and acceptance be increased.  The 
technologies for biomass use face the challenge of overcoming the following issues: 
(1) Stable supply of gasification material 
A chemical plant requires the stable load on the plant and a long-sustained operation.  Load variations as 
well as frequent start-ups and shut-downs could not only cause damage to the facility and a reduction in 
productivity but also lead to an increase in CO2 emissions due to the excessive input of supplemental fuel 
during the start-up and shut-down process. 
(2) Heat supply for biomass gasification 
For the production of a high-calorie fuel or synthesis gas, an indirect heating system may be adopted for 
the gasification of biomass.  In order to ensure a sufficient transfer of heat, the process would require a large 
heat transfer area in a gasifier, which would lead to a considerable heat loss from exhaust gas.  While an 
internal combustion system may be adopted for the biomass gasification, these would require an air separation 
plant as combustion needs oxygen. 
(3) Auxiliary facilities for post-gasification tar removal, gas composition adjustment, and desulfurization 
The conventional gasification method requires additional gas clean-up processes after the gasification, 
including tar reforming, tar removal, gas composition adjustment by shift reaction, and desulfurization.  This 
makes the processing complex and increases the costs of equipment and maintenance. 
(4)  Use of various biomass  
In response to the above, this study proposes a co-gasification process by the co-gasificaiton of biomass and coal 
as a supplemental fuel in a three-tower circulation gasifier using CaO as the circulating thermal material.  The study 
then investigates the possibility of providing solutions to the technological issues relating to the use of biomass. 
Fig. 1. Concept of Ca looping three-towers CFB gasification and it’s application in a liquid fuel   
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2. Ca looping biomass/Coal co-gasification process 
The concept of the Ca looping three-tower biomass/coal co-gasification process is illustrated in Fig. 1. 
• The process uses a three-tower circulation fluidized bed gasification process for gasification, hydrocarbon 
reforming and char combustion.  CaO circulates inside the reactors as the heat transfer material, catalyst and a 
CO2/H2S sorbent.  Biomass and supplemental fuel coal are supplied to the gasification tower where they are heated 
to 650°–850°C by coming into contact with CaO thermal material, and generate volatile matter gas and char (fixed 
carbon) through the pyrolysis and gasification, as well as a part of CO2 in volatile are absorbed by CaO to form 
CaCO3.  The volatile matter gas is then introduced to the reforming tower where it is heated to 850°–1000°C for 
the catalytic reforming of hydrocarbon by coming into contact with the CaO thermal material.  The char and CaCO3
are introduced to the combustion tower together with the CaO thermal material.  The char is burnt using air to heat 
the CaO thermal material and to heat CaCO3 decompose to CaO.  The thermal material returns to the reforming 
tower and the gasification tower through a cyclone separator so as to maintain the temperature in these towers. 
• The thermal material heated in the combustion tower provides heat to the catalytic hydrocarbon as methane, tar et 
al. reforming process by coming into contact with volatile matter in the tar reforming tower.  The thermal material 
is then introduced to the gasification tower where it comes into direct contact with the biomass and coal, and 
provides heat to the pyrolysis and gasification reaction of the biomass and coal. 
• The CaO material circulating in the system performs the following tasks:  (1) as the heat transfer material, it is 
heated in the combustion tower, releases heat in the reforming and gasification towers, and provides heat to the 
hydrocarbon as methane, tar et al. reforming and biomass and coal gasification processes;  (2) as the CO2 sorbent, 
it absorbs part of CO2 inside the gasification tower, adjusts the H2/CO ratio in the produced gas, and provides heat 
from CO2 absorption to the biomass and gasification process in the gasification tower;  (3) as the catalyst, it 
promotes steam reforming of hydrocarbon as methane, tar et al. in the tar reforming tower;  and (4) as the 
desulfurization sorbent, it absorbs H2S in the gasification tower, produces CaS, turns into CaSO4 by further reacting 
with oxygen in the combustion tower, and is recovered by the cyclone separator for exhaust gas. 
• The process uses coal as a supplemental fuel in order to maximize thermal efficiency by achieving a maximal 
degree of stabilization of the fuel properties and the stable supply of gasification heat.  The process offsets the 
level of CO2 emission which is increased as a result of the use of coal, and reduces the actual CO2 emission per 
unit synthesis gas to a level lower than the use of biomass alone. 
3.  Investigation of the feasibility of the process 
3.1  Methane, tar et al. reforming 
The catalytic action of CaO in the hydrocarbon reforming was investigated using a two stage fluidized bed reactor 
which upper stage is reforming reactor, and lower stage is gasification reactor (Fig.2).  Biomass and coal were fed in 
to gasification reactor, and volatile produced by biomass and coal gasification was up through reforming reactor.  
Fig. 3 shows results comparison of tar generation from biomass/coal gasification with and without CaO addition 
in the reforming reactor.  It can be seen that, wtihout CaO addition, after 3 minutes of biomas supply, tar was generated 
terribly at cooling zone and gas exhaust line.  And the experiment have to be stopped by the tar adhesion.  However, 
with CaO additon in the reforming reactor, after biomass supply about 60 minutes, no tar generation was confirmed 
at the cooling zone and condenser. Fig.3 also show that, with CaO catalysis in the reforming reactor, no tar remained 
in the cooling zone and condenser from coal gasification 3hr.   
Liquid product from reforming reactor for biomass and coal gasification were collected by using ice water and 
liquid nitrogen baths.  Total carbon (TOC) contained in the liquid product was analyzed.  Tar contained in product 
gas (CO, H2, CO2, CH4) from biomass and coal gasification were estimated by the amount of total carbon.  The results 
shown that, only 5.7 mg/m3 and 2.5 mg/m3 tar contained in products gas for biomass and coal gasification, respectively.        
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Fig. 4 is a comparison of gas product composition between biomass and coal gasification with and without 
CaO additon in reforming reactor.  It can see that, H2 and CO concentration in the product gases with CaO 
addition were higher than those without CaO addition.  This indicate that, hydrocarbone as tar are certainly 
reformed with CaO catlysis in to H2 and CO.  
CnHm(Tar) + nH2Oė (m/2+n)H2+nCO 
In Fig.4, it can also see that, CH4 as well as C2H4 were reduced with CaO addition.  This means that, CaO 
can also be a catalyst for light hydrocarbon gas reforming. 
Fig. 2. Schematic diagram of two stage FB reactor 
Fig. 3. Comparison of tar generation between biomass / coal gasification with and without CaO.
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Fig. 4. Comparison of product gas composition between biomass / coal gasification with and without CaO.
3.2 Adjustment of H2/CO ratio 
In the gasification furnace operating at a relatively low temperature, the absorption of CO2 by CaO causes 
a shift reaction of CO and H2O to generate H2.
CaO + CO2 ĺ CaCO3
CO + H2O ĺ CO2 + H2
It is possible to adjust the ratio of the H2/CO generation inside the gasifier by controlling the temperature and pressure. 
3.3   Desulfurization in gasifier 
As CaO is added to a chemical looping gasification process primarily for heat transfer and CO2 absorption, the 
molar ratio of CaO to sulfur is approximately 140.  This is significantly greater than the molar ratio to sulfur of CaO 
added to reactor for conventional desulfurization (normally 2 to 3).  As a result, H2S absorbed inside the gasifier forms 
a very thin layer of CaS on the surface of CaO particles, making CaO easily oxidizable by oxygen in the combustor. 
4. Investigation of the three towers CFB system 
Fig. 5 shown the hot 3-T CFB facility which we built for investigation of the particle circulating and biomass and 
coal gasification by the three-tower CFB.  First we tested silica sand and CaO particle circulating in the three-tower 
CFB.  Table 1 shown the particle size and relative density of the silica sand and CaO particle.  Results shown that, 
three-tower type CFB can make stability particle circulating not only under room temperature and also circulated well 
under high temperature 800Υ.  Control the differential pressure (ᇞP)  between exits of cyclone and reformer is much 
important for the stability of circulating of 3-T CFB.  Particle circulating velocity, Gs(kg/m2s) was obtained about 
100-200.   
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Fig. 5.Three-Tower CFB facility (made by Quartz glass)   
Table1 Materials properties 
5. Conclusion 
The catalytic action of CaO for hydrocarbon reforming was investigated by using a two stage fluidized bed reactor.  
It is found that with CaO catalysis in the reforming reactor, only 5.7 mg/m3 and 2.5 mg/m3 tar contained in products 
gas for biomass and coal gasification, respectively.        
A hot three-tower (3-T) circulation fluidized bed (CFB) facility was built to test the circulating and fluidization of 
silica sand and CaO particle.  Control the differential pressure (ᇞP) between exits of cyclone and reformer is much 
important for the stability of circulating of 3-T CFB.   Particle circulating velocity, Gs(kg/m2s) was obtained about 
100-200.
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Particle size relative density Compositon
[mm] [g/cm3] [%]
Silica sand No.7 0.08-0.3 2.56 SiO2:90-93
CaO particle 0.25-0.5 2.2 CaO:96.7
